1. The specific activities for palmitoyl-CoA synthetase and for sn-glycerol 3-phosphate esterification, with palmitoyl-CoA generated either by the endogenous synthetase or from palmitoyl-(-)-carnitine, CoA and excess of carnitine palmitoyltransferase, were measured with rat liver mitochondria. 2. The mean specific activity of palmitoyl-CoA synthetase was approximately five-and seven-fold the rates of sn-glycerol 3-phosphate esterification from palmitate and palmitoyl-(-)-carnitine respectively. No significant correlation was found in different rats between the activities of palmitoyl-CoA synthetase and sn-glycerol 3-phosphate esterification from either acyl precursor. However, there was a significant correlation (r = 0.83, P<0.001) between the rates of glycerolipid synthesis from palmitate and palmitoyl-(-)-carnitine. 3. The mean molar composition of the glycerolipid synthesized from palmitate was 58 % lysophosphatidate, 31 % phosphatidate and 11 % neutral lipid. With palmitoyl-(-)-carnitine the equivalent values were 70, 23 and 7 %, which were significantly different. 4. When palmitoyl-CoA synthetase had been inactivated by 60-70% after preincubation of mitochondria at 37°C, it became rate-limiting in glycerolipid biosynthesis. Additions of 1-5mM-ATP prevented inactivation of palmitoyl-CoA synthetase. 5. Preincubation also inhibited the oxidation of palmitate, palmitoyl-CoA, pahnitoyl-(-)-carnitine and malate plus glutamate. These inhibitions could not be prevented by addition of ATP. 6. Diversion of palmitoyl-CoA to form palmitoyl-(-)-carnitine did not inhibit sn-glycerol 3-phosphate esterification. 7. The palmitoyl-CoA pool synthesized by the palmitoyl-CoA synthetase was augmented by adding partially purified synthetase or carnitine palmitoyltransferase and palmitoyl-(-)-carnitine. No stimulation of palmitate incorporation into glycerolipids occurred. 8. At low concentrations of Mg2+, palmitate, ATP and CoA the velocity with palmitoyl-CoA synthetase decreased more than that of glycerolipid synthesis from palmitate. 9. It is concluded that in the presence of optimum substrate concentrations the activity of sn-glycerol 3-phosphate acyltransferase and not of palmitoyl-CoA synthetase is ratelimiting in the synthesis of phosphatidate and lysophosphatidate in isolated rat liver mitochondria.
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The purpose of this investigation was to examine the relationship between palmitoyl-CoA synthetase (palmitate-CoA ligase, EC 6.2.1.3) activity and the subsequent esterification of palmitoyl-CoA to snglycerol 3-phosphate. With rat liver mitochondrial fractions we find the major products of sn-glycerol 3-phosphate esterification to be lysophosphatidate and phosphatidate. This esterification process was therefore catalysed by acyl-CoA synthetase, sn-glycerol 3-phosphate acyltransferase (EC 2.3.1.15) and monoacyl-sn-glycerol 3-phosphate acyltransferase.
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Methods
Synthesis ofpalmitoyl-(-)-carnitine. Palmitoyl-(-)-carnitine was prepared by a method based on that of Chase & Tubbs (1972) . Palmitic acid (40mmol) was dissolved in 5ml of trifluoroacetic acid plus 5ml of trifluoroacetic anhydride and left at 20°C for 30min. Then 25.5 mmol of (-)-carnitine dissolved in 0ml of trifluoroacetic acid was added. After a further 30min at room temp., the reaction was stopped with 20ml of ice-cold water and the volume was decreased to a minimum by rotary evaporation. The residue was washed with diethyl ether to remove excess of palmitic acid and trifluoroacetic acid and dissolved in butan-l-ol. This solution was washed twice with 66mM-potassium phosphate buffer, pH 5.9, and once with water. The butanol was removed by freezedrying and the palmitoyl-(-)-carnitine was crystallized from chloroform to yield 6.0mmol of product. The product was characterized by chromatography on t.l.c. plates of silica gel G developed with chloroform-methanol-0.1 M-sodium acetate (4:4:1, by vol.). The palmitoyl-(-)-carnitine was standardized by weighing and by carboxylic ester bond determination (Stein & Shapiro, 1953) The remaining pellet was dissolved in water and adjusted to pH4.5 with KHCO3. The product was assayed by using E260 = 15400 for the adenine moiety, and by its thiol ester content, which was measured by the hydroxamate assay (Brindley & Hiibscher, 1966 [1,3-3H] glycerol by the method of Smith & Hubscher (1966) . The product had a specific radioactivity of 9.72,Ci/,mol and was diluted appropriately with rac-glycerol 3-phosphate before use in enzyme assays.
Preparation of carnitine palmitoyltransferase (EC 2.3.1.23 ). This enzyme was prepared from bovine liver by the method of Norum (1964) , except that CaCl2, EDTA and palmitoylcarnitine were omitted during the extraction of the freeze-dried residue. This extract was dialysed against 20vol. of 1 mmdithiothreitol and finally against 20vol. of 10mM-Tris, adjusted to pH7.4 with HCI, and containing 1 mM-dithiothreitol. The dialysis residue was centrifuged for 1 h at 4°C and 130000g (r,. 7.38cm ) and the clear supernatant was concentrated by using a Millipore Pellicon membrane with a 1000mol.wt. cut-off. The resulting solution had a protein concentration of 21 mg/ml.
Partial purification of palmitoyl-CoA synthetase. A freeze-dried microsomal fraction from rat liver was prepared and extracted with Triton X-100 by the method of Bar-Tana & Shapiro (1964) , except that 1973 1 mM-dithiothreitol and 1 mM-ATP were included in all buffers to stabilize the palmitoyl-CoA synthetase. The Triton-solubilized enzyme preparation was then added slowly to 10vol. of acetone at -15°C and the precipitate collected by centrifugation. The pellet was washed once with water-acetone (1:10, v/v) and once with acetone-diethyl ether (1:1, v/v) at -15°C. The residue was dried with a stream of N2 and extracted with deoxycholate (Bar-Tana et al., 1971) with the inclusion of 1 nM-dithiothreitol and 0.1 mm-ATP in all buffers. The dialysed deoxycholate extract was then treated with powdered (NH4)2SO4. The precipitate obtained between 20 and 55 % saturation was dialysed against 100vol. of 5mM-Tris adjusted to pH7.9 with HCI and containing 20% (v/v) glycerol, 0.025% (w/v) sodium deoxycholate, 1 mim-EDTA, 0.25 mM-dithiothreitol and 0.1 mM-ATP. The dialysis residue was stored at -20°C and showed an approx. 2.3-fold increase in specific activity of palmitoyl-CoA synthetase when compared with the freeze-dried microsomal fraction. Preparation ofrat liver mitochondria. Mitochondria were prepared and protein was determined as described previously (Manning & Brindley, 1972) .
Enzyme assays. Unless otherwise stated, all enzymes were assayed under conditions of optimum substrate and cofactor concentrations such that reaction rates were constant throughout the period of incubation and were proportional to enzyme concentration. The apparent incorporation of substrate obtained in the absence of mitochondrial protein was subtracted from each determination as a blank. The accuracy of the determinations was +5 %. The reaction conditions for different enzymes were made as similar as possible to facilitate comparison between different specific activities.
Determination ofpalmitoyl-CoA synthetase activity. Palmitoyl-CoA synthetase activity was determined by converting the palmitoyl-CoA produced into palmitoyl[3H]carnitine with excess of carnitine palmitoyltransferase . The assay system contained, in a volume of 0.25ml, 25mm-Tris buffer adjusted to pH7.4 with HC1, 5mM-dithiothreitol, 48pM-CoA, 2.5mM-ATP, 4.8mM-MgCl2, 0.3mM-potassium palmitate, 1.5mg of fatty acidpoor bovine serum albumin, 2.4mM-(-) The reactions were started with 20-50,ug of mitochondrial protein, incubated for 7min at 37°C and stopped with 1.2ml of butan-l-ol. Lipid products were extracted by the method of Daae & Bremer (1970) and radioactivity was determined by liquidscintillation counting. The extraction of lipids by this method was superior to the chloroformmethanol extractions of and Garbus et al. (1963) , which gave 64 and 35% respectively of the 3H-labelled lipid, which was recovered in butan-l-ol. The discrepancy appeared to be due to low recoveries of lysophosphatidate, which is the major product of the mitochondrial system. With microsomal fractions of rat liver and guinea-pig intestinal mucosa, where the major product was phosphatidate, the extraction of gave slightly higher recoveries than the other two methods (Brindley, 1973) .
Determination ofglycerol 3-phosphate esterification by palmitoyl-CoA generated from palmitoyl-(-)-carnitine. This activity was assayed by the method of Daae & Bremer (1970) . The assays contained, in a volume of 0.25ml, 25mM-Tris buffer adjusted to pH7.4 with HCI, 5mM-dithiothreitol, 50tM-CoA, 124,pM-palmitoyl-(-)-carnitine, a saturating quantity of carnitine palmitoyltransferase (approx. 130,ug), 1.5mg of fatty acid-poor bovine serum albumin, 80mM-KCl, 5mM-sn-[3H]glycerol 3-phosphate (1,Ci/,umol), 0.75 ,ug of oligomycin and 0.4t,g of rotenone. The reaction was started with 50,ug of mitochondrial protein, incubated at 37°C for 7min and extracted with butan-l-ol as described by Daae & Bremer (1970) .
We confirm the findings of Daae & Bremer (1970) Characterization of lipids synthesized from snglycerol 3-phosphate. Neutral lipid classes were separated by t.l.c. on silica gel G by using light petroleum (b.p. 40-60'C)-diethyl ether-acetic acid (60:40:1, by vol.) for development. Phospholipids were separated on silica-gel G plates by the method of Vavrecka et al. (1969) , or as described by . Areas ofthe silica gel were scraped into counting vials and to each 1ml of methanol, 2.5ml of water and 10ml of Triton X-100-xylene (1: 2, v/v) containing 5 g of 2,5-diphenyloxazole/I and 0.1g of 1,4-bis-(5-phenyloxazol-2-yl)benzene/I were added. The vials were shaken to form gels and the samples assayed by liquid-scintillation counting. Recoveries from the plate were normally 90-105%.
Statistical procedures. The results were evaluated statistically as described by Bradford-Hill (1967) and regression analysis was performed on a K.D.F.9 computer.
Results
Comparison of the activities of palmitoyl-CoA synthetase and palmitate esterification with sn-glycerol 3-phosphate Table 1 shows that the mean specific activity of palmitoyl-CoA synthetase was approximately fivefold that of sn-glycerol 3-phosphate esterification from free palmitate. By using a paired t test, this latter activity was shown to be significantly greater (P<0.01) than the rate of sn-glycerol 3-phosphate esterification when palmitoyl-CoA generated from palmitoyl-(-)-carnitine was used. Therefore the rate ofsn-glycerol 3-phosphate acyltransferase was underestimated by about 20% when palmitoyl-CoA was generated from palmitoyl-(-)-carnitine rather than from palmitate by the endogenous acyl-CoA synthetase. This was probably caused by the detergent properties of palmitoyl-(-)-carnitine.
The specific activities presented in Table 1 differ from those reported by Daae & Bremer (1970) , who found the mitochondrial activity of sn-glycerol 3-phosphate acyltransferase to be 1.4-fold that of palmitoyl-CoA synthetase.
In individual rats there was no correlation (r =0.007, P>0.05) between the specific activities of palmitoyl-CoA synthetase and palmitate incorporation into glycerolipids (Fig. la) . However, there was a significant correlation (r = 0.83, P<0.01 considering all points, or r = 0.76, P <0.05 with the top three points omitted) between the activities of glycerolipid synthesis from palmitate and palmitoylcarnitine (Fig. lb) . The intercept was not significantly different from zero.
The major product of sn-glycerol 3-phosphate esterification with both systems was lysophosphatidate (Table 1) . By using a paired t test, significant differences were found between the percentage of phosphatidate (P <0.02) and lysophosphatidate (P <0.01) produced by the two acylating systems. A predominant synthesis of lysophosphatidate was also observed by Daae & Bremer (1970) , Daae (1972) and Monroy & Pullman (1972) , but the product isolated by Stoffel & Schiefer (1968) and Zborowski & Wojtczak (1969) Sp. activity of glycerolipid synthesis from palmitoylcarnitine Fig. 1 . Relationship between the specific activity of palmitoyl-CoA synthetase andglycerolipid synthesis in the mitochondrial fraction of rat liver The specific activities shown in Table 1 were plotted relative to each other and subjected to linear regression analysis. Specific activities are expressed as nmol of palmitate activated or incorporated into glycerolipids/min per mg of mitochondrial protein.
(a) The relationship between palmitoyl-CoA synthetase and glycerolipid synthesis from palmitate; (b) the relationship between glycerolipid synthesis from palmitate and palmitoyl-(-)-carnitine. differences might be due to the fact that butan-l-ol is a more suitable solvent for the extraction of lysophosphatidate than is chloroform-methanol (Daae & Bremer, 1970 ; see the Experimental section). This might also explain why Davidson & Stanacev (1972) were unable to detect a mitochondrial acylation of sn-glycerol 3-phosphate, since chloroform-methanol extraction at neutral pH and low ionic strength, as described by Bligh & Dyer (1959) , would not give good recoveries of lysophosphatidate.
The neutral lipid reported in Table 1 consisted of approx. 75% diglyceride and 25% monoglyceride. Daae & Bremer (1970) reported that 10-20% of their total incorporation was recovered as monoglyceride and suggested that this might arise through the action ofa lysophosphatidate phosphohydrolase. The monoglyceride in our experiments represented 2-3 % of the total glycerolipid.
Effect ofpreincubation on the activation ofpalmitate and its subsequent incorporation into glycerolipids Rat liver mitochondria were preincubated at 37°C to inactivate palmitoyl-CoA synthetase activity (Farstad, 1968; Lippel, 1971; Brindley & Ferrier, 1972) and the effect of this inhibition on sn-glycerol 3-phosphate esterification was studied.
Preincubation led to a striking inactivation of palmitoyl-CoA synthetase and a much smaller inhibition of sn-glycerol 3-phosphate acyltransferase activity (Fig. 2) . In one experiment, the inhibition of sn-glycerol 3-phosphate esterification from free palmitate became greater than that from palmitoyl-(-)-carnitine, but only after a 20min preincubation (rat no. 1). With the threerats examined, the synthesis of palmitoyl-CoA became rate-limiting when 60-70 % of the synthetase activity had been lost. These results indicate that the activity of the synthetase in the original mitochondrial fraction was in an approximately threefold excess over the rate of palmitate esterification.
It was reported that the inhibition of palmitoylCoA synthetase produced by preincubation could be reversed by incubating in the presence of a heat-labile soluble protein, ATP and Mg2+ Farstad, 1967) . However, in agreement with Bar-Tana et al. (1971) and Lippel (1971) , we were unable to obtain such a stimulation. It was therefore not possible to investigate the effect of an increase in synthetase activity on glycerolipid synthesis by this method.
Effect ofpreincubation on mitochondrial oxidation
The same mitochondrial preparation as was used in the experiments described in Fig. 2 was also Vol. 132 assayed for its ability to oxidize palmitate, palmitoylCoA and palmitoyl-(-)-carnitine ( Table 2 ). The oxidation of these substrates was strongly inhibited by preincubation. To find whether this inhibition was limited to ,B-oxidation, the rate of oxidation of malate plus glutamate was also determined. As the latter system was inhibited to a similar extent, a general inhibition of mitochondrial electron transport had probably occurred.
In agreement with the observations of Farstad (1968), addition of 1-5mM-ATP to the preincubation medium prevented inhibition of palmitoyl-CoA synthetase. However, no such protection was observed with the oxidation of any of the substrates used. The omission of dithiothreitol from the preincubation medium did not affect the extent of inhibition.
From these findings it follows that the nature of of other cofactors and substrates were kept at optimum concentrations. Palmitoyl-CoA synthetase (-, rat no. 4; o, rat no. 5) and glycerolipid synthesis from palmitoyl-CoA generated from palmitate (A, rat no. 4; A, rat no. 5) were measured and expressed relative to the maximum velocity for the appropriate activity. Maximum velocities were 48.6 and 83.4nmol of palmitate activated/min per mg of mitochondrial protein and 7.1 and 6.6nmol of palmitate incorporated into glycerolipids/min per mg of mitochondrial protein for rats nos. 4 and 5 respectively. The effect of rate-limiting concentrations of substrates and cofactors on the activity of palmitoylCoA synthetase and on glycerolipid biosynthesis from palmitate was studied. Glycerolipid biosynthesis in the latter system involves both palmitoylCoA synthetase and sn-glycerol 3-phosphate acyltransferase activities. Therefore if the synthetase were rate-limiting and palmitoyl-CoA synthesis were decreased by lowering substrate and cofactor concentrations, then glycerolipid synthesis should be decreased to a similar extent.
The results from such an experiment are shown in Fig. 3 . In all assays the activity of palmitoyl-CoA synthetase was decreased by a greater percentage than that of sn-glycerol 3-phosphate esterification. However, the absolute values of palmitate activation were three-to five-fold the rate of palmitate incorporation into glycerolipids. From the results shown in Fig. 2 , and after diversion of palmitoylCoA to palmitoyl-(-)-carnitine, it would have been expected that palmitoyl-CoA synthesis at most substrate and cofactor concentrations would have been adequate to sustain the maximum rates of glycerolipid synthesis. No appreciable changes were observed in the composition of glycerolipids synthesized and so these discrepancies could not have resulted from a shift from monoacyl-to diacyl-phosphatide. Such a shift might have resulted in underestimation of the rate of palmitate incorporation into glycerolipids. It is also unlikely that the low rate of glycerolipid biosynthesis resulted because the limiting cofactors and substrates were required for sn-glycerol 3-phosphate acyltransferase activity. The rates shown in Table 1 , enzyme system (3), were obtained in assay systems to which ATP, Mg2+ and free palmitate were not added. Increasing the concentration of Mg2+ did not stimulate acyltransferase activity.
With rate-limiting concentrations of palmitate and CoA the percentage reduction in velocity for the synthetase was 10-40% lower than for sn-glycerol 3-phosphate esterification. However, at 0.5 mM-ATP, palmitoyl-CoA production was decreased by 50-60 %, whereas glycerolipid synthesis was not affected at all. We cannot satisfactorily explain why the relative percentage decrease in glycerolipid synthesis and palmitoyl-CoA synthetase activity should differ when different substrates and cofactors were made rate-limiting. It is also surprising that glycerolipid synthesis should have been decreased, as palmitoylCoA synthesis was much greater than palmitate 1973 esterification to sn-glycerol 3-phosphate at most points. These results indicate that the maximum rates of palmitoyl-CoA production, as measured by the synthetase assay, do not necessarily reflect the availability of palmitoyl-CoA to sn-glycerol 3-phosphate acyltransferase. This problem will be discussed in the next paper (Brindley, 1973) . Despite these difficulties of interpretation the results shown in Fig. 3 do indicate that when palmitate activation proceeds at maximum rates, palmitoylCoA production is not rate-limiting in glycerolipid biosynthesis.
Discussion
The results of all experiments undertaken indicated that sn-glycerol 3-phosphate acyltransferase and monoacyl-sn-glycerol 3-phosphate acyltransferase, and not palmitoyl-CoA synthetase, were rate-limiting in biosynthesis of lysophosphatidate and phosphatidate. Fatty acid activation also appeared not to be a rate-determining step of triglyceride synthesis in the adipose tissue of man (Galton & Wilson, 1970) and rat . No correlation between adipose-tissue concentrations of long-chain acylCoA esters or of sn-glycerol 3-phosphate and the rate of triglyceride biosynthesis was observed (Denton & Halperin, 1968; Saggerson & Greenbaum, 1970a,b) . In contrast to the results obtained with rat liver mitochondria in the present paper, acyl-CoA synthetase may become rate-limiting in phosphatidate biosynthesis in the microsomal fraction of guinea-pig intestinal mucosa (Brindley & Ferrier, 1972; Brindley, 1973) and rat liver (Lloyd-Davies & Brindley, 1973) .
As palmitoyl-CoA synthetase is inactivated by preincubation of mitochondria at 37°C it was decided to see whether this treatment caused it to become ratelimiting in ,-oxidation. Palmitate oxidation was inhibited (Table 2) , but this could not have been caused by the decreased formation of palmitoyl-CoA. A more likely explanation is that the inhibition of respiration is caused by a loss of ions from the mitochondrial matrix, which results in a decrease in the sucrose-impermeable space (Nicholls & Lindberg, 1972) . However, there is evidence to suggest that fatty acid activation is not rate-limiting in f-oxidation in rat liver (Shepherd et al., 1965; Van Tol & Hulsmann, 1969; Lippel & Beattie, 1970; Pande, 1971; De Jong, 1971) .
The possibility that there may be multiple forms of palmitoyl-CoA synthetase, which generate metabolically different pools of palmitoyl-CoA, is discussed in the next paper (Brindley, 1973) .
However, assuming that there is competition for common pools of acyl-CoA, the excess of acyl-CoA production over sn-glycerol 3-phosphate esterification obtained in vitro might be much decreased in vivo owing to the consumption of acyl-CoA by the di-
